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ABSTRACT

This report investigates the relative merits of a delay-Doppler imaging radar based on matched filter and

Wigner-Ville approaches. Both approaches are formally equivalent: the relative merits of each method are

based solely on implementation issues. Given the current state of optical delay-Doppler adar and signal

processing capabilities, the matched filter approach provides significant advantages over a Wigner-Ville-

based approach. Additional applications of the Wigner-Ville distribution to laser radar measurements are

discussed. .
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1. INTRODUCTION

Harper Whitehouse of NOSC proposed an aiternatise delav-Dopplcr imaging algorithm based on the
Wigner-Ville distribution IWVD). Bill Miceli of the Office of' Naval Research IONR) sponsored an
unconventional imaging prograin at Linco!n Laborator\ to evaluate this technique relati\ e to more traditional
matched filter-based dela\ -Doppler imaging techniques. This report presents the results of this effort.

The primar\ purpose of this report is to e\ aluate the relative merits of a dela\ -Doppler imapine radar
based on matched filter and Wigner-Ville approaches. Both approaches are formally equiv alent: the relati e
merits of each me.hod are based solel\ on implementation issues. Given an appropriate transmit sk a\ elorn.
the output of a practical matched filter receiver can produce a delay-Doppler image directl\. In contrat, a
WVD approach requires a deconvolutio, opcration to obtain the desired delay-Doppler image. For nominal
operating conditions, the matched filter approach can piocess data over a relatively smail dela,-Doppler
windo" without sacrificing image resolution. This can significantlv reduce the computationa! effort required

to obtain an image. To maintain image resolution, a WVD approach must process data over a time-frequency
window equal to the time-frequency extent of the received waveform. This requirement becomes prohibitiv e
for high time-bandwidth product Aavefonns. Given the current state of optical range-Doppler radar and
signal processing capabilities, the matched filter approach is preferable to a Wigner-Ville-based approach.

While the Wiener-Ville approach does not appear to be the method of choice for dela\-Doppler
imagin,. it may be useful in other laser radar applications. Specifically. the WVD is a joint time-frequenc%
representation of a signal which may be applied to the analysis of time-varying heterodyne or autod\ ne
Doppler-resolved measurements of vibrating and/or rolating tarels.

This report is organized as follows. The motivation, definition, basic properties. and examples of the
WVD are discussed in Section 2. The relation between the Wigner-Ville and lsymmetric) ambiguity function

is given in Section 3. Section 4 is a discussion of the application of both the WVD and ambiguit\ function
to delay-Doppler imaging. Conclusions and alternative applications of the Wioner-Ville distribution to
optical delay-Doppler-resolved laser radar measurements are presented in Sections 5 and 6. respecti\cl\.



2. FORMULATION

2.1 BACKGROUND

Mixed time-frequency representations attempt to simulaneously analyze tie energy distribution of
nonstationar\ signals in both time and frequencN. These techniques may therefore be interpreted a,
generalizations of Fourier analysis techniques , hich determine the spectral energ\ density of stationlar,
,ignal.s. A simple mixed time-frequency representation which is commonly employed is the shiort-termi
Fourier transforn (STFT) or spectrogram. In this technique the signai is assumed stationary over some short
time interval, and standard Fourier transform techniques (e.g.. FFT) are used to obtain a frequenc\ spectrum
of data w ithin this interval. B\ computing spectra over successive time intervals, a time-frequency

representation of the signal is obtained. In the context of laser radar measurements, this technique has been
used to obtain mixed time-frequency representations of heterodyne and autod\,ne Doppler-resolved mea-
surements of rotating targets. Iln the laser radar terminology, this mixed rime-frequency representation

has been referred to as a Doppler-time intensity (DTI) plot.] The principal shortcoming of STFT-bacd
methods is the trade-off between frequency and time resolution. In addition, the STFT does not reproduce
the energy density spectrum and the instantaneous power of a signal. A class of time-frequency represen-

tations which overcome these shortcomings has been developed.- - 5 One such representation. the Wiener-
Ville distribution (WVD). was first introduced in the area of quantum mechanics by Wigner in 1932 and later

into the field of communications by Ville in 1948 (References 3 and 4).

Joint time-frequency representations of a waveform have properties similar to those ofjoint prCbability

density functions: these functions must be positive definite and satisfy certain zeroth-order moment or

marginal requirements. Physically. these representations estimate the rime-frequency energy distribution of
nonstationary sinals or random processe-, and must therefore satisfy both positivity and energy conservation

constraints.! For a signal x(t) with Fourier transforn X~w). we require that the 2-D time-frequency
representation Ftt.w) have the following properties:

F(t,co) > 0 positivity (2.1)

f F(t,o)do = jx(t)l 2 instantaneous power (2.2)

J F(t.o)dt = .X(o)l- spectral density (2.3)

fJ F(r. w)dodr -14 total signal energy (2.4)

Integrals go from - , to - unless other" ise noted. While the WVD satisfies conditions (2.2) through 2.4
and provides additional useful information concerning the energy distribution of the function in time and

... .. , i I I I I 3



frequency, it does not. in general. satisfl the posili\ itv condition expressed In 2. 1 ). Cohen et a/- hax c prox en
the existence of a clas, of posinixe time-irequencN representations which satisf\ conditions (2.1 f throuh
(2.4). This important class of positixe time-frequenc\ distributions is not discussed here.

2.2 DEFINITION OF THE IVIGNER-VILLE DISTRIBUTION

The cross WVD of t~xo time signals x(t) and v(t) has the follow in bilinear form:

W ... (t.W) = fx( t +2 y * t - 2 "e -jrd- (2.5)

The auto WVD of the time function xltt is

W,,(, ")= W.x0.mw)= x t+ 2T )x*t- 2 e -Cd (2.6)

There is a functional similarity betxeen the above equations and the (symmetri -oml, of the cross ainbiguit\
and auto ambiguity functions. The relation betwkeen the ambiguity function and WVD w\ill be discuSed In
Section 3.

The WVD of X w) and '1(w). the Fourier transforms of xtt) and v m. respecti\ el\. is

Wx~~~ x ( (+Yc %eJd . (2.7)

It can easil\ be showxn that

Wx ,(w.t) = W, (t,o) (2.8)

In words. the cross WVD of tile spectra of two signals can be computed directl\ from the WVD of tie
respective time signals simply b\ exchanging the frequency and time variables.

2.3 PROPERTIES OF THE WIGNER-VILLE DISTRIBUTION

A partial list of the properties of the WVD is provided below. Properties and proofs ma\ be found
elsewkhere (see. for example. References 7 and 8).

2.3.1 SymmetrN

WX.((t..c)  W (0) Wx(t,) =W W*(t,') (2.9)

The WVD of an\ real or complex function is real.
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2.3.2 Time shifts

A time shift in both time ,iwnals results i'l an idCntical time shift in the cross W\VD.

Modulation

Modulating each time signal by exp (.jit) results in a frequenCt,, shift of the resultant cross VVD b\ Q!.

2.3.4 NNVD for Time-Limited Signals

If the tine signals xlt and \r(t i are re-tricted to a finite timte interval, then the cro.s,,-WVD distributim
is restricted to the identical time inter\ al for all frequencies.

2.3.5 NN'D for Frequenc v-Limited Signals

Ifthe spectra of signals x(tI and \(t) are band-limited, then the cross-W'D distribution v% ill he siinilarl\
band-lim ited.

2.3.6 Nonlinearit%

The WVD is a bilinear function oftvo signals: the WVD of the algebraic sun of t, o signals is not the
algebraic sur of the \VD of each signal.

W,+\(t)= Wx(t.) + W,(t.co )+2Re[W ,.(to)] (2.10)

The third term in Equation (2. 10) represents the cros or interference tern and is the result of the (sect nd
order) nonlinear form of the W\D. The interference term ma\ pose a problem in the analsi, o
multicomponent signals. " By lov,-pass filtering the WVD. one may reduce the interference effects h,
sacrificing resolution. This issue is similar to the sidelobe-resolution trade-off in standard Fourier anal ,i,.

2.3.7 Marginal Relations (Zeroth-Order Moments)

For the cross WVD " e ha\c

I2f W,.(t'oo)dw = x(t)g*(t) (2.11)

f W,.,(t, o)dt = X(o)Y*(ow) (2.12)

w hich reduce to the follo" ing expressions for the auto WVD

2 W,(tz.)do = Jx(t).2 (2.13)

2n5



J W,(t~w)dt = X()2(2.14)

Finallk the total ener-\ in xdl) Is eiken b\ the inteu rai of the auto0 WVDo oer the entire I imlreJquLenIC\ plane

'if[ W ,t,wodc dw = f x(t)12dt = lx~i' (2.15)

2.3.8 First-Order Moments

The marginal relations presented in Section 2.3.7 are zeroth-order mioment expressions. Here. sx c
consider first-irder momients of the "A"D inl both timec and frequency. The WVDb has the useful property that1
the first-order moments in timie and frequenc\ are the signal instantaneous frequenc\ and group dCla\.
respectiv ely.

Ani expr~sstm)n for (1 I) the average f'requ~enc\ of the WVD as a function of timec. is gi\ en b\ thc
followtng expression

Q Jt-fcW, ( t. (o) d(o (216)
j W,(t. () dw

which simplifies to""

. lip rn[] . 2.17)

Here. lim 1' 1is, the imiaginar\ -part operation and the prime C) denotes differentiation. This ex\pression Is

identicall\ zero for real valued functions. Let x t ) he a complex analytic signal which can be expressed a"
fol low,

x(t) =a(t)eo(i) .(2.18)

wxith a(m and (l(t t real functions oftirue. The average "requencv of the WVVD for SUCh a fu~nction is c'iv en b\

Q,(t) 00 -(2.19)

The avi('rug' frequ'In o. ft/c i' 1 ) (it no t I~ o qual to f/ic i/i atiou cu'ltvoot 1)I 'l~' (111/\ t

An expression for T (w). the average timie of the W\'D as a function of frequenc\, I, isi\ en b\ the
follmk~ing expression

fJtW,(t,(o)dt (.0
JW,(t~w)dt

6



% hich simplifies as follo\\,, '

TN)=-Im X, w (2.21)

Here. X(w is the Fourier transform of the time signal x t). Im 111 takes the imaginar\ part of the operand.
and the prime denotes differentiation. This e\pression is identicall. zero for real valued function,,. Let Xt,,I
be a complex anal\ tic signal w. hich can be expressed as tollo',

X(w) = a(o)e 0Aw (2.22)

\kith ,ow) and Hwn -al Iunction, of frequenc. . The average frequency of the WVD for such a finctionl i"
oix en h,

T, {w) 0 -(wo) (2.23)

The time ,ve/ar, ' or th i/w It) 1! ( itcIU('tt V is eqal ID Lhet S .,fltl1 i,,,rque) lJehi'

2.3.9 Second-Order Moments

Local second-order moments in time and frequency (defined in the uSal %\a\ w are a mlea',ure of the
spread of the \VVD about mean time or frequency values. respectivel\. As the \VVD is not positiv detinitc.
the local second-order moments of the WVD distribution na\ be negative. a result x hich is inconsistent \% i! h
a strict probabilit'x theory interpretation. Howe\er. these moments ma\ still provide useful infornation: a,
second-order moment,, tend to charact, rize structural features in the WVD. the\ max be used to indicate the
structure of multicomponent signals.

2.4 ANALYTIC SIGNAl. REQUIREMENT

For (complex) analytic signals. the first-order moments of the WVD in time and frequenc\ are the
Wtantaneous frequency and group delay. respectiv l . Stricfl\ speaking, these propertie, do not appl\ to
real \ alue6 signals. In particular. if we let the signal r(t ) represent the real part of an analytic signal t . then

Wr(t -0)) =[W,(t.o))+ W'(t, -Wo) + g(t'(o) (2.24)

xx here

W (t.oj) = WVD of the real siunal rli)

(t.t) = V D of,,he analytic siunal x'

= oscillator\ finge pattern.

Tne WVD of a real signal. as depicted in Figure 1(b). iS composed of thre, ienrns. the desired "'imae" term
t.w). a conjugate image term W (t.-w). and a residual lox -frequenc. fringe pattern gl t.,. Anal sis has

showan that tie artifacts embodied in the g(t.w) term ha, e no ph ,,ical nieaning (see. for example. Refer-
ence 9). The analytic signal requirement must be take.i into con,,ideration hen implementing the WVD.

7
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2.5 M1ULTICOMPONENT SIGNALS

Laser radar mieasurem nuts (4201 op lex targets are generallIy, characteri zed by, com p)lIcated illuItIjC9om1po-
nent signals. The WVD of a muI~lticompon))Ient sigonal is complicated, however. by two factors: (1) negative
second-order momnents, and (2) thle presence of interference termis (which are manifest as oscillatory, fringe
patterns in the WV[) - see Section 2.3.6). Both these effects may be reduced. atl the ex pense of resolutlin.
by low-pass filtering thle W".' ') T 11iie-firuency (listribUt [ilns have been proposed which either eliminate
or suppress thle undesC'irable1 properties of thle WVD. >(

2.6 EXAMPLES

In this section wei dem1111Onstrat thle basic properties of the WVD by example. We begin by considering
the WVD of a simple up-chirp) waveform, as shown in Figure I) ai). The WVD of tlit up chirp is showAn in
Fig tre 2(a). The ti Me- freCquncrIy'characteri s tics of the up chirp are clearly manifest inl the WVD. Thle first-
order moment in frequency, which is thle instantaneous frequency estimate. is shown inl Figure 2(b. Note
that the spread or variance about the true instantaneous frequency is varying but bounded. It is interesting
to note that the local variance of the WVD tends to Increase at discontinuities inl thle underivine instantaneous
frequency ol the signal.
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The NAVDs for different multicomponent up-dom.'ri chirp sigonals are shown in Ficgures 3 throucgh 5. The
undesirable oscillator\ trinpe pattern in these figures is thle result of the bilinear formn 01the WVD: the WVD
ot the composite uip-down 11chirp1 IS nlot eqJual to thle sum of the WVD of each constituent chirp. Due to thle
oscillator\ nature 01'1 teCrmSS-ternl com1ponent. this termn may be reduced] by lox\ -pass filtering the WVD.

2.7 IMPLEMENTATION

AlthlOuilh comlpultationl com[lplex i t\is inhereniit~t i anl orithm i~ hich ,cieertes a 2 '--D distributionI froin
I -D data. implementation issueCs are not addressed in this report. Efiin ueia loihsmxbCbOund
inI the literature.' Optical imnplemlentat ion of the WVD is also a current topic of investigation.
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3. RELATION BETWEEN THE WIGNER-VILLE DISTRIBUTION
AND THE AMBIGUITY FUNCTION

Both the WVIV and the ambiguity func ior AF) are mixed 2-D representation, ,f a I -D siL'nal. lhc
ul[it\ of the WVD as a tirne-frequenc analk sis tool, along with a partial list (o! applications to optical radar.
has been discussed. In the context of optical radar. the AF is a useful t&ol to evaluate the perlbrnance of a

2-D d,-!a\-Dopr!er matched filter receiver. In this case. the magnitude squared of the ambiuitl function na\
be interpreted as the point spread response of a delay-Doppler imaging system.

For a given signal x(t). the \VVD \V,(t.uo and the ambiguity tunction A (L.-. are defined a, lollo\ ,.:

A( )=xt + x*(t - )e - j t d t  (3.2)

These equations imply that the AF and WVD form a Fourier-transform pair

A x ('."T) = FWx (t, w) (3.3)

Wx(t, () = F-'a X(. ,T)  (3.4)

where F and F-1 are the Fourier-transform operation." defined as follows

F = -i- ff eJ{'tt )d-:d1- (3.5)

F-l= ff eJ({t-c)dt do (3.6)

The W4i,er-V ile distribution and anbi". uityflic'tion (I) ' two ( dfr('tI f replescnatio/x atihc .wanc aw. A

comparison of the effect of certain signal operations on the WVD and AF are listed in Table 1. Note that tine
and frequency shifts of the original signal are preserved in the WVD representation. but are mapped into a
complex oscillation in the AF representation. Assuming that both the WVD and AF have similar hard% arc
(or softw are) implementations,. the decision to use one method over another depends entirely on \\hich
method provides the most satisfactory data representation for a given application.

Figure 6 illustrates the ambiguity diagram and WVD for an up-down chirp waveform. The for\\ard
Fourier transforn of the product x(t + r/2) x'(t - T/2) with respect to delay -, results in the WVD. vhile the
forward Fourier taiisform of the product x(t + ",/2) x*(t - T/2) with respect to time produces the AF. (The
ambiguity diagram shown is the magnitude of the AF.) The 2-D Fourier relation is clear: the inverse Fourier

13
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transform of the WVD vk ith respect to clelay followed b\ a forward Fourier transform with respect to time
produces the AF. Note that time-frequency characteristics of the original up-dow,\n chirp waveforn are
clearlk evident in the WVD. The fringe patterns evident in the WVD are the so-called cross-term,, or
interference terms, and are the consequence of the bilinear form of the WVD kernel. The ambiguity diagram
of the up-dowkn chirp is characterized by a central peak plus relatively high sidelobes wkhich represent the
"arnbiguitv"" of each chirp. Due to the Fourier relation between the AF and WVD. the AF become, more
localized in the delay -Doppler plane and the corresponding WVD becomes increasingly distributed through-
out the time-frequency plane. Thi, is an important result in the context of delay-Doppler imaging.

16



4. DELAY-DOPPLER IMAGING

4.1 CONVENTIONAL MATCHED FILTER APPROACH

In the conventional analysis of dela y-Doppler imaging. the output ofa 2-D delay-Doppler mached fiher

represents the convolution of an underlying target distribution in delay-Doppler space. denoted hN (TI.7)
convolved with the magnitude .quared of the ambiguity function or point spread response (PSR) of the filher.
Unlike conventional spatial imaging systems whose PSR depends on a spatial aperture. the PSR of the delaN -

Doppler imaging system is determined by the time-frequency properties of the transmitted waveform. If. for
example, one could generate a thumbtack-like PSR, the output of the 2-D matched filter would represent the
2-D delay-Doppler image of the target. The relation between the output of a 2-D matched filter and the
underlying delay-Doppler distribution of the target is given b the following expression:

(Ay(,"q) = f(;',') Ax[ -(Q-;O)-t-(t'- tO))]2dt'd. '  (4. if

vhere

x(t) = transmitted waveform

v(t) = received waveform

(T) (Z. = target cross-section distribution in delay and Doppler

A ( ,T) = auto ambiguity function of transmitted waveform

A ( .') = cross ambiguitv function of received and transmitted waveforms

= filter mismatch in delay (tracking error)

= filter mismatch in Doppler (tracking error).

Here, the operator <> indicates an ensemble average (e.g.. an average over different speckle realizations).
The basic assumptions used to derive Equation (4.1) may be found in Rihaczek.2-' The output of the 2-D
matched filter is the cross ambiguity function between the transmitted and received waveforms. As the filter
output <IA ,.(i.T)-> represents the convolution between the desired target cross-section distribution (T(T.I

with the magnitude squared auto ambiguity function IA . 2) of the transmitted wkaveforn. IA n. may
be interpreted as the PSR of a delay-Doppler imaging system.

Given flexibility in waveform generation and reception. one could select a waveform with a thumbtack-
like ambigniy fuiction resulting in a matched filter output which approximates the underlying target cross-
section distribution: there is no need to invert Equation (4.1 for arK .T).

4.2 WIGNER-VILLE APPROACH

Harper Whitehouse derived a delay-Doppler imaging technique based on the WVD .2 The starting
point is Equation (4. 1). Substituting the following two relations 19.22.25

F A A*(; 1)A,(, t) (4.2)

17



and

F-'A A ( , T) = W, (1. (0) (4.3)

into Equation (4.1) gives the follok ing result

)= a(t',o') W,(t - t', w - o')dwa'dt' (4.4)

This expression i. the basis for delay -Doppler imaging %kith the WVD. It states that the expectation of the

WVD of the received wavefomi is equal to the convolution of the underlying delay-Doppler target cross
section with the WVD of the transmitted signal. Note that ( I ) a cross-WVID computation is not required. (2)
the WVD of the transmit signal may be interpreted as the PSR of the WVD-based imaging svstem, and 3)
the matched filter and Wigner-Ville imaging systems [as defined by Equations (4.1) and (4.4 ). respectivel\l
are different representations of the same underlying process: from an information theoretic point of vie\k . the
methods are identical.

4.3 COMPARISON OF THE MATCHED FILTER AND WIGNER-VILLE APPROACHES

As previously stated, the matched filter and Wigner-Ville approaches are equivalent from a theoretical
viewpoint. Imaging \ ith the tw o approaches is. however, very different. The comparison of the matched
filter and Wigner-Ville-hased delay-Doppler imaging systems ,ill begin with an evaluation of the point
spread response (PSR). The PSR is a fundamental property of an imaging system. The computational
requirements for each system will then be discussed. Bistatic issues will be addressed. As \ill become
evident. SiN issues are secondary and will not be discussed here. A preliminary S/N analysis of the WVD
may be found in References 23 and 24.

4.3.1 Point Spread Response

Thumbtack-like ambiguity responses for the matched filter receiver were discussed briefly in Sec-
tion 4.1. In the case of waveforms which have thumbtack-like ambiguitv functions (in the region of interest .
delay (range) resolution is inversely proportional to the frequency bandwidth, and Doppler resolution is
inversely proportional to the temporal duration of the waveform. Increasing the time-bandwvidth product of
these vaveforms allows one to extract an increasing amount of information from the target. The time-
bandwidth product of a signal may be increased by phase or frequency-modulation techniques. These
techniques generally lead to simple implementations relative to those obtained using amplitude-modulation
techniques. The main point is that it is possible to simultaneously obtain high resolution in both dela\ and
Doppler by choosing a vaveform with a thumbtack-like ambiguity function.

The WVD-based receiver has significantlv different behavior. As shown in Equation (4.4), the PSR of
a WVD-based receiver is given by the WVD of the transmit waveform. A thumbtack-like WVD requires the
transmit signal to be (I ) nonzero over a time interval small compared w% ith the target extent in time. and (2)
nonzero over a frequency interval small compared with the frequency extent of the target. These t\vo
conditions are generally mutually exclusive: a thumbtack-like WVD may be unrealizable for many targets
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of interest. To obtain a high-resolution delam-Doppler image directly, the WVD approach require,
narrowband short-duration v, avefons. \Ahile tile matched filter approach requires widehand lone-duration
waveforns. As wkideband long-duration v aveformrs are physically realizable. the matched filter approach
has a significant advantage o\er the WVD approach. This propery is consistent w, ith the Fourier-traisform
relation between the tmo methods: an AF which is highly localized transforms into a WVD A hicli is highly
distributed. This is demonstrated for an up-down chirp in Figure 6.

4.3.2 Computational Requirements

We begin by assuming the existence of , aveforns w ith thumbtack-like ambiguity functions. While
the computations involved in computing the full matched filter output and WVD output are identical, the
output of the matched filter gives the desired image directly whereas the WVD-based method requires a

deconvolution to obtain the image (r(.T). This is generally an ill-posed and computationally intensi\e
operation.

If we further assume that both the delay-Doppler tracking errors and the target cross-section delay-
Doppler distribution are both small compared with the delay-Doppler extents of the waveform, then the
computational requirements of the matched filter approach can be reduced significantly by limiting data
processing to a relatively small delay-Doppler window. This can be done without loss of image resolution.
From a practical standpoint, the time-bandwidth capacity of the signal processor ma\ be reduced w, ithout
sacrificina imae resolution. In order to maintain imae resolution usine the WVD approach. data must be
processed over time-frequency extents defined by the received wavefonn. As a wavefonn with a time-
bandw. idth product equal to TB has a 2-D WVD with (TB)2 independent resolution cells, large TB product
vaveforms could prohibit real-time computation of the WVD.

4.3.3 Bistatic Considerations

It has been suggested that the WVD approach may have some advantages in a bistatic situation as the
WVD receiver produces the auto WVD of the received wNaveform: the image is obtained after deconvolvine
the auto 1X ID of the received wkaveforn with the (stored) auto WVD of the transmit wavefor.n In this case.
a reference waveform generator is not required. This reasoning is somewhat misleading: the transmit
waveform could be "stored" in a programmable matched filter or. if the receive and transmit waveformls could
be digitized, a completely flexible matched filter could be implemented digitally. While these issues are
technology driven, it does not appear that the WVD approach would provide significant advantages over a
matched filter approach in the case of bistatic measurements.
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5. CONCLUSIONS

The primar\ purpose of this report is to evaluate the relative merits of a dela\ -Doppler imagine radar
based on matched filter and Wigner-Vi lle approaches. Both approaches are formally equivalent: the relati,, c
merits of each method are based solel on implementation issues. Given an appropriate transmit w ave orm.
the output of a practical matched filter receiver can produce a delay-Doppler image directlk. In contrast, a
WVD approach requires a deconvolution operation to obtain the desired delay-Doppler image. For nominal

operating conditions, the matched filter approach can process data over a relativel\ small dela\-Doppler
,A indowN without sacrificing image resolution. This can significantly reduce the computational effort required
to obtain an image. To maintain image resolution, a WVD approach must process data over a time-frequenc\
window equal to the time-frequency extent of the received waveform. This requirement becomes prohibiti\ e
for high time-bandwidth product wa%eforms. Given the current state of optical range-Doppler radar and
signal processing capabilities, the matched filter approach is preferable to a Wigner-Ville-based approach.
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6. FUTURE W)ORK

In ptcalraarapp ctjns.tie-treuec\re pree ntat Ions he en used to proess both fetei o i\ % n
and atitod\ne Doppler-resolved :ross-section measurements of' rotatie and/or \ibratine, tareets. III
particular, the short-term Fourier transfonn (STET) has been LISed to anal\ Ic the time-f'requenc\ distributiunl
of' both autodvne and heterodvne laser radar measuLremnent', ot' rotating targets. Standard t'reqluenc%
di scriminat Ion techniLIueS haveC been appliled to the anal\,,,is of taser radar Doppler-resol \ed data of\ vibrat InL
tar-et. An investiaation into the relati\e merits of'standard timne-f'requeciy ana,,l\sis techiniques (e.C ..STFVI.
frequenc\ discriminator. etc.) vs signial analysis using timne-frequenlcy distribution technique',~g thL
\VVD) mna prove useful in these applications.

4



REFERENICES

1. K. SchultI/. 'Application of Recon, ruction from Projcc iI(n TechII iucII to Ti Ille Vary ing. Aut od\ ne
Siatur,,. ill Lawr Radar 111. SPIE 999, 216-224 (I 988).

- R. %arino v,;..' "Fornographic lmaging with Laser Radar Reflective Pro jcct io,.'' in La.i R-udu, II1.

SPIE 999. - 1988).

3. F. Wigner. Ph\ N. Rev. 40. 749 (1932.

4. J. Ville. Cable,, Tr~ms. 2. 61 (1948).

5. L. Cohen and T. Posch. IEEE Trans. Acoust. Speech Signal Piocess. ASSP-33. 31 1985).

6. \W. Martin and F. Flandrin. IEEE Tran,. Acou,,t. Speech Signal Process. ASSP-33. 1461 ( l -)N5 j.

L. Cohen. 'Propertie,, of the Po,,itiv2 Tirne-Frequenc\ Distribution Function,,." Proc. IEEE
ICASSP '85 (Cat. No. 85CH21 18-8). Vol. 2, (1985). pp. 548-551.

8. T.A. Claa,,en and W.F. Mecklenbrauker. Philips J. Res. 35. 217 (1980).

9. B. Boahash. "Time-Frequency Analysis and Synthc..is.in ,daed Algoitmn and.Arc/iturc,
or S,,nal P/,/c1xin, III. SPIE 975. 164-185 (1988).

1((. L. Cohen and C. Lee. "Instantaneou, Frequen., It, Standard DeN iation and Muhicomponent
Sigla -.." in di 4n1 'd A/eorilln.s and A411 ,)-4 hizletrs f Si.,,,d Proccs.'i , II. SPIE 975. 1 86-2)8

11. B. Boashash. P. Black. and H. WhitChouse. "'An Efficient Implementation for Real Time Applicalions
of the Wi,ner Villc Distribution."' in Real Time Sial Pro cs.vin,, IX. SPIE 698. 22-33 ( l')86).

12. T.A. Claasen and W.F. Mecklenbraukcr. Philip, J. Res. 35. 276 (1980).

13. H. Szu. Opt. Eng. 21. 804 (1982).

14. H. Bartlet. Opt. Commun. 32.. 2 (1980)).

15. G. Eichmann and B. Dong, Appl. Opt. 21. 3152 ( 1982,.

16. A. Rake,, C. Hcster. R. Ilneiva. and B. Kumar. "'Wigner Distribulion Funcflion/Ambiguit\ Function
Proce,,sor.'' in .da m'\ in OU alwoati,) Pun M'IMiil" Ill. SPIE 936. 260-269 (1988).

17. L. Cohen. "Gencrali/ed Ambiuiti Functions." Proc. IEEE ICASSP '85 (Cat. No. 85CH II8-8).
Vol. 3 , 1985). pp. 1033-1036.

18. T.A. Claasen and W.F. Meckleribrauker. Philips J. Res. 35. 372 (198)).

19. H. Su and J. Blodgett. "'Wigner Distribution and Ambiguity Function." in Opr(., t F-u

L)inm('n1.\on'\- S90. M.A. Machado and L.M. Narducci. American Institute of Physics ConferCnc
Proceeding,, 65. No. I ( 1981). p. 355.

' .l l I I 25



20. A. Rihac/ek. Prim iph'! of ftioth-R,.slutuio Rudur (Peninsula Publishing. Los Alto,. Cali fornia.
l.9'55, p. 337.

21. t4. WhitehouNc. "Interpretation of Radar Inaging in Terms of the Wigner-Ville Distribution.' in
A Ch ed A/\prithoo alIl .4n hitec ' i.( fno Simpi Processi)04 III. SPIE 975. presentation on,
I 9S';, 8).

22. C. Stltt. "The Application of Time/Frequency Correlation Functions to the Continuous-W,'avetfom

Encoding of Message Symbols.' Report No. 61 -RL-2761 E. General Electric Research Laborator\.

Schenectady. Ne\\ York (1961 .

23. B. Kumar and C. Carrol. Appl. Opt. 23. 4090 ( 19K4.

24. B. Boashash and P. O'Shea. "Application of the Wigner-Ville Distribution to the Identihcaiion of
Machine Noise."' in ,4 vu ued ,41oriumnt and Archiwcties f'n Signal ProccA..iim' 11. SPIE 975.
209-221) (1988).

25. H.E. VanBrundt. private communication.

26



UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE

REPORT DOCUMENTATION PAGE
la. REPORT SECURITY CLASSIFICATION lb RESTRICTIVE MARKINGS

Unclassified
2a. SECURITY CLASSIFICATION AUTHORITY 3. DISTRIBUTION/AVAILABILITY OF REPORT

2b DECLASSIFICATION/DOWNGRADING SCHEDULE Appro%ed for public release distribution is unlimited.

4. PERFORMING ORGANIZATION REPORT NUMBER(S) 5. MONITORING ORGANIZATION REPORT NUMBER(S

Technical Report 855 ESD-TB-89-163

6a NAME OF PERFORMING ORGANIZATION 6b. OFFICE SYMBOL 7a. NAME OF MONITORING ORGANIZATION

Lincoln Laboratory, MIT (if applicable) Electronic Systems Division

6c. ADDRESS (City, State, and Zip Code) 7b. ADDRESS (City, State, and Zip Code)

P.O. Box 73 Hanscom AFB, MA 01731
Lexington, MA 02173.9108

8a. NAME OF FUNDING/SPONSORING 8b. OFFICE SYMBOL 9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER

ORGANIZATION (If applicable)

Office of Naval Research F19628-90-C-0002

8c. ADDRESS (City, State, and Zip Code) 10. SOURCE OF FUNDING NUMBERS

495 Summer Street PROGRAM PROJECT TASK WORK UNIT

Boston. MA 02210-2109 ELEMENT NO. NO. NO. ACCESSION NO
61102F 272

11. TITLE (Include Security Classification)

Evaluation of a Delay-Doppler Imaging .Ugorithm Based on the Wigner-Ville Distribution

12. PERSONAL AUTHOR(S)
Kenneth 1. Schultz

13a. TYPE OF REPORT 13b. TIME COVERED 14. DATE OF REPORT (Year, Month. Day) 15. PAGE COUNT
Technical Report FROM - TO 1989. October. 18 36

16 SUPPLEMENTARY NOTATION

None

17 COSATI CODES 18. SUBJECT TERMS (Continue on reverse if necessary and identify by block number)

FIELD GROUP SUB-GROUP delay-Doppler imaging matched filter

Wigner-Ville distribution ambiguity function
laser radar measurements

19. ABSTRACT (Continue on reverse if necessary and identify by block number)

This report investigates the relative merits of a delay-Doppler imaging radar based on
matched filter and Wigner-Ville approaches. Both approaches are formally equivalent. the
relative merits of each method are based solely on implementation issues. Given the current
state of optical delay-Doppler radar and signal processing capabilities, the matched filter
approach provides significant advantages over a Wigner-Ville-based approach. Additional
applications of the Wigner-Ville distribution to laser radar measurements are discussed.

20 DISTRiBUTION/AVAILABILrTY OF ABSTRACT 21. ABSTRACT SECURITY CLASSIFICATION

0 UNCLASSIFIED/UNLIMITED 3= SAME AS RPT. [ DTIC USERS Unclassified

22a NAME OF RESPONSIBLE INDIVIDUAL 22b. TELEPHONE (Include Area Code) 22c. OFFICE SYMBOL

Lt. Col. Hugh L. Southall. USAF (617) 981-2330 ESD/TMI,

DO FORM 1473. S4 UAR 83 APR eon may be u.duntil hausted UNCLASSIFIED
All other editions ore obsolete.

SECURITY CLASSIFICATION OF THIS PAGE


